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Abstract 
    Housing built for low-income population in the City of Mexicali, uses local building systems that lack 
bioclimatic techniques to provide solutions for the impact of a hot, dry, desert climate, with the presence 
of average high temperatures of 44.0º C in the summer. This article identifies the bioclimatic design of a 
house with passive techniques and construction solutions analyzed individually, with the intent to be 
adapted into affordable low-income housing, and to achieve thermally adequate spaces in accordance to 
the extreme climate of the region, and as a result, to extend the period of thermal comfort. The bioclimatic 
diagnostic was performed based on the Szokolay graph, the main techniques used are: thermal mass, 
protection from solar heat gain, patio generated microclimates and cross-ventilation, which favored the 
achievement of environmental adequacy. In order to achieve the aforementioned diagnostic, it was 
necessary to thermally and energetically evaluate the effects of each technique individually and then as a 
whole. The evaluation was performed using Energy Plus 7.1.0, with support of the DView and Google 
Sketchup, the results obtained from simulation were indoor temperatures, heat gains, energy 
consumption, and hours of discomfort that occurred in the house, resulting from each technique for 
representative periods of time, monthly and annually. The results of this research provide information for 
decision making, and shows which bioclimatic techniques can be adapted to existing low-income housing 
that lack adaptations to the environment. 
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1. Introduction 
    The problem of social housing in Mexico has so far been difficult to solve, the amount of housing 
that is required to meet the needs of the low income population in a horizon of 25 years, points to 650 000 
households per year and a demand of 3.9 million in the 2006-2012 period according to the National 
Housing Program 2008-2012 [8][9]. The manner of acquiring social housing is given through institutions 
such as the Institute of National Housing Fund [11]. The purpose of this article is to conduct a 
comparative study on affordable housing designed with various bioclimatic techniques to be analyzed and 
to generate a database of passive design strategies with adaptations of systems available in the region. The 
city of Mexicali is located in Mexico’s northwest, it presents a type BW dry desert in its cold variant 
climate, according to the Köppen classification; the average annual temperature is between 15.1 ºC and 37 
ºC with an average minimum of 8 °C in winter, and an average maximum of 44 °C in summer, these 
scenarios are outside the limits of comfort zone established from the average thermal comfort 
temperatures of 24.0 °C for winter, and 27.9 °C for summer. Because of the high temperatures 
encountered in summer, the use of an artificial air conditioning system cannot be avoided. 
    The building system used in the affordable housing of Mexicali, is based on concrete block masonry 
walls 0.12 m thick, cement-sand plaster, concrete slab roof 0.10 m, in most cases they lack techniques that 
help reduce heat gains generated by the climate’s impact on the building envelope, hence the goal is to 
keep the interior of the dwelling in thermal comfort based on the passive design techniques analyzed, if 
the house lacks such techniques, it is advisable to adapt the dwelling with different alternatives, duly 
studied through simulation, as to better understand their thermal energy behavior.  
1.1. Current low-income housing in Mexicali 
Existing low-income houses in Mexicali were not designed with passive strategies, and also, did not 
consider the environment, resulting in housing that is not adapted to local climate conditions.     
 The common house prototype (CP), see Fig.1, is built on a rectangular area of 120.05 square meters 
(6.86 m x 17.50 m), oriented northeast - southwest, with an area of 38 square meters on a single level, 
includes two bedrooms, kitchen, dining-living room and bathroom (Fig. 1). The building system includes 
concrete block masonry walls in 0.12 m thickness, concrete slab roof, and more recently, concrete slab 
roof with coffered polystyrene. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Common low-income housing prototype: (a) Front elevation; (b) Architectural plan 
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2. Method 
     Methodology for the research project was developed in four stages:  bioclimatic diagnosis, 
architectural proposal with passive techniques, evaluation through simulation in Energy Plus [13], and 
comparative analysis between the CP and the proposed house (PH). 
2.1. Bioclimatic diagnosis 
The annual bioclimatic diagnosis was made based on the methodology developed by Docherty and 
Szokolay [4] with data from the National Weather Service for a typical meteorological year. Cooling and 
heating strategies are identified (see Table 1) for summer and winter seasons respectively, according to 
the bioclimatic strategies analysis for buildings developed by Luna [5]. 
Table 1.  Percentage per bioclimatic strategy in warm dry climate 
Strategy Conventional 
heating 
Solar 
heating 
Thermal 
comfort  
winter 
Thermal 
mass 
Thermal 
comfort  
summer 
Ventilation 
1 m/s 
Ventilation 
1.5 m/s 
Air 
conditioning 
Evaporative 
cooling 
Percentage 
of comfort 13.89% 3.30% 13.55% 20.14% 6.95% 4.69% 8.86% 18.75% 9.39% 
 
Few months are in the comfort zone without the implementation of passive design strategies, Mexicali 
presents warm sensation in the months of April to October, it is accentuated from July to September; in 
the period ranging from December to February, moist heat is observed in the morning and cold sensation 
occurs. The passive systems considered [3] are heat insulation, ventilation, sun shading, evaporative 
cooling and heating strategies for the cold season with solar radiation, indirect gains, indirect solar 
radiation heating systems, wind protection, with different types of regulatory elements for each system, so 
that a wide range of viable solutions is available. 
2.2. Architectural proposal with passive design techniques 
    The objective is to design a bioclimatic house that achieves energy efficiency and thermal comfort, first 
an analysis of the site was realized in order to elaborate an adequate conception of the house and it 
considered location, orientation, climate data and existing vegetation in its surroundings. Afterwards, the 
user characteristics were taken into account, since the existing low-income housing is mass produced, a 
typical user is considered, with the following characteristics: low income that doesn’t exceed four times 
the minimum wage, elementary or technical education, a family of four, and an average age of 30 years 
for the buyer [10], the particular need of the end user is not reflected in the characteristics of the building 
systems employed. 
    The bioclimatic proposed house (PH) was located in the western part of the city of Mexicali, in a land 
of 120 square meters, the measurements of the rectangular construction site are 6.86 m by 17.5 m, and the 
end user is the low income population. It has spacing limitations, but it includes basic living areas, such 
as, bedroom, dining room, living room and bathroom. It complies with the local building code’s 
minimum requirements for surface area, height, ventilation and lighting [7] [12]. 
    The house has a floor surface area of 48.7 square meters it includes: a) The social area formed by 
common space from the living room, dining room and kitchen with a courtyard that functions as a garden 
and as means for natural ventilation; b) The family area that consists of 2 bedrooms, c) the distribution 
area with bathroom and hallway that can communicate with the exterior cleaning area, the three areas 
open onto a central courtyard that becomes the family courtyard, a vernacular architectural space that has 
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lost its importance over the years, and a rear courtyard that enables radiant cooling, and a frontal space for 
two car parking. The designated areas for possible home expansion are the kitchen and laundry room. 
 
Passive design techniques 
The PH project includes four passive design strategies: for shading, passive cooling, thermal mass and 
ventilation. The techniques were described and numbered in table 2 [3]. Fig. 2 shows the location of each 
bioclimatic technique proposed. 
Table 2. Description of passive design techniques applied to housing proposal. 
Description of passive design techniques 
a) Sun shading devices 
Solar radiation must be controlled in 
order to prevent overheating 
E-2 Solid horizontal overhang. Horizontal element protruding from the vertical surface or facade.  
E-3 
Entrance lobby. It controls inlets and frames the entrance, 
and is integrated with the horizontal shutters from E-7. 
E-4 Louvers. Horizontal louvers that act as courtyard sun blinds, their design is indicated by solar trajectory analysis. 
E-5 Canopy. Fixed or folding shading device made of canvas or other type of fabric.  
E-7 
Shutters. Device formed by horizontal or slanted elements 
that allow light and ventilation to go through but not solar 
radiation. 
E-11 Vegetation. 
b) Passive cooling systems 
The use of cooling systems aims to 
provide fresh air at a temperature 
lower than the environment by 
means of constructive building 
adaptations. 
E-1 
Shaded and ventilated roof. Aims to shade entire roof, and 
thus prevent heat gains. The shaded roof is ventilated 
through an air chamber, which can be open or closed. 
E-9 
Massive roof. Through thickness or mass fillings, that can 
store thermal energy and mitigate interior heat gains. Outer 
face with insulating materials. 
E-13 
Stone bed. By thermal conduction from the earth, stone 
and vertical air currents, external air passes through a 
cooling space, the stone bed, and achieves air cooling. 
E-14 
Roof pond. The concrete slab roof is modified to include a 
water pond covered with metal sheet, to produce 
evaporative cooling. 
c) Thermal mass strategies 
Due to large thermal amplitude, 
thermal mass strategies aim to delay 
heat gain and loss, so they can be 
useful for both summer and winter. 
E-6 Insulated wall. Outer face with insulating materials. 
E-8 Double wall. Double wall with interior air chamber. It aims to shade entire wall and prevent heat gain. 
E-12 Wall and roof finishes: smooth walls and light colors. High 
reflectance finishes in ceilings and walls. 
d) Ventilation strategies 
Air mass flow produces cooling. The 
use of ventilation with other 
strategies accelerates the lowering of 
temperature. 
E-10 
Cross ventilation. With operable windows that open to 
indoor courtyards and receive wind currents in spring and 
fall. 
E-15 Ventilated courtyard. Produces Venturi effect through openings between walls. 
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Fig. 2 Location of proposed bioclimatic techniques: (a) Architectural plan; (b) View of ventilated courtyard; (c) View of cooling 
system in ventilated courtyard; (d) Louvers and awning of service courtyard; (e) Overview of bioclimatic techniques. 
 
2.3. Procedure for thermal energy simulation for evaluation 
    The thermal energy behavior of CP and PH was evaluated through Energy Plus [13] during the 
simulation period from January 1st to December 31st.  
    The results allow the visualization of the behavior of the building envelope throughout the 
meteorological year. 
 
Base file 
    A base file is created and used for all simulations, the first of which is the base case without applied 
strategies (BC), which will integrate materials and construction for each strategy independently until we 
have the Composed Case (CC) with the bioclimatic techniques included in the PH. 
    The materials used in the base file were obtained from ASHRAE [1] data, floor and concrete slab 
thickness 0.10m reinforced with steel rod, concrete block walls 0.12 m x 0.20 m x 0.40 m with cement 
plaster on the outer face, inner face finishes of cement-sand mortar and gypsum plaster, oyster white vinyl 
paint coating, reinforced concrete slab roof of 0.10 m, and waterproofed with polyester mesh and white 
elastomeric paint coating. 
 
Simulation conditions 
    A comparison is made between PH, with each strategy, with an initial file named base case (BC) and 
the development of individual strategies that include strategies for roof, walls, sun shading devices, which 
were divided in three groups, ventilation, and finally, the Composed Case (CC), which includes all the 
techniques in the PH. The topics analyzed for this project are energy consumption, hours of discomfort 
and temperature. 
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3. Results 
3.1. Passive design strategies in PH 
The first part addresses energy consumption, followed by the hours of discomfort and temperatures 
obtained from the information generated by Energy Plus [13] simulations. 
The options were analyzed by groups and plotted, first PH with and without strategies, followed by 
roof strategies, sun shading devices, wall shading and insulating techniques, and ventilation. The greatest 
reductions in energy consumption occurred in the walls when the air chamber is present, followed by 
insulating materials attached to existing walls. (Fig. 3). 
Following the pattern of energy consumption, hours of discomfort were plotted in the same manner, 
the behavior of ventilation and shading elements reflect reduced hours of discomfort with its use, the 
results on walls and roof follow the same pattern, where the use of an air chamber layer works best, as 
well as insulating materials attached to wall. (Fig. 4). 
Fig. 3. Energy consumption for each passive design strategy. 
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Fig. 4 Annual discomfort per hour. 
. 
Strategies respond in a similar pattern to climate, with temperature differences between the techniques 
ranging between 3ºC and 8ºC. 
 
    Passive design strategies in housing provide significant savings in energy consumption, economic 
expense based on consumption for Mexicali’s 1-F rate [6] and comfort percentage obtained by the hours 
of discomfort, table 3 shows general results obtained in Energy Plus [13] simulation. This information is 
used to perform a correlation between the annual consumption and the efficiency percentage, considering 
that 100% corresponds to the technique that presents less hours in discomfort (Fig. 5). 
 
Table 3. General results 
Housing Types and Strategies Hours of discomfort Energy Consumption 
kWh 
Cost CFE 
$ 
Efficiency % 
House without strategies 5180.67 7731,78 $6,124.99 85 
House with strategies 3633.83 6109.71 $4,622.36 +100 
Concrete slab roof 5180.67 7731.78 $ 6,124.99 85 
Ventilated roof 4960.17 7596.15 $ 5,937.12 89 
Coffered polystyrene roof 5176.33 7902.4 $6,057.35 89 
Polystyrene insulated roof 1 " 5060 7713.73 $ 6,095.02 88 
Polystyrene insulated roof 2 " 4991.33 7612.66 $  5,976.21 89 
Shaded  roof 5199 8033.11 $  6,446.51 86 
Shaded wall 5251.83 8092.38 $  6,521.50 85 
Louvers and Awning Pergola 5254.5 8187.13 $  6,656.10 85 
Concrete block wall 5180.67 7731.78 $  6,124.99 85 
Polystyrene insulated wall 1 " 4834.33 7329.89 $  5,644.22 92 
Double wall 4057 6341.06 $  4,789.29 100 
Polystyrene insulated wall 2 " 3480.33 7196.41 $  5,476.69 93 
Dry Wall  4345.8 6508.45 $   4,910.27 98 
Ventilation 4758.5 8067.12 $  6,520.76 95 
Earth filled concrete block wall 4975 7486.24 $  6,124.99 91 
Cellular concrete wall 5099 7998.3 $  6,211.02 87 
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    The correlation shows that the higher the efficiency of the strategy, the annual economic expense of the 
house is lower, and vice versa, the lower the efficiency of the strategy, the higher the energy consumption 
(Fig. 5); it also shows the annual expense budget for each of the strategies applied. 
    Energy consumption per square meter per technique in each house becomes the most relevant issue. By 
making a comparison between the PH which has 48 square meters in area, while the CP has 38 square 
meters, the PH has a rate of 25% less consumption. The same strategy applied in both houses always has 
a lower consumption in PH compared to CP (see Fig. 6). 
 
 
 
Fig. 5 Annual cost for each strategy and efficiency percentage. 
 
Fig. 6 Energy consumption in kWh per m² for each house. 
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Conclusions 
    The proposed house was created by defined areas that allow privacy within the home and generate an 
indoor path that integrates the social and private areas through the service area and open space 
(courtyard), which aids in ventilation and in the availability of shaded outdoor space in the summer 
season. In the PH ventilation was considered from the beginning as a design guideline. The passive 
design strategies that are proven to work best for the city of Mexicali are thermal mass, ventilation and 
solar heating. 
 
    The PH is distributed in defined areas, this causes the walls to be the part of the envelope with the most 
surface area, and in turn they produce higher consumption values without the use of passive techniques. 
The CP has a higher percentage of surface area allocated in the roof, and it is there where the best 
reduction scenarios are obtained. To consider that roofs generate the highest energy consumption as a 
design guideline, is wrong, it is the largest surface area which generates higher energy consumption, and 
their design should take into account shading by orientation to reduce consumption. 
 
    The simulation carried out with Energy Plus [13] in the proposed house gives the best results in roof 
and walls with techniques that consider an air chamber between the wall and the material added, followed 
by the addition of insulating materials, in this case expanded polystyrene of varying thickness. Shading 
devices become an important strategy to consider, they indirectly reduce energy consumption, they reduce 
hours of discomfort, and they are an affordable design strategy because of the different materials and 
techniques that can be used in their construction. 
 
    The PH has reduced consumption per square meter compared with CP which consumes 30% more 
energy, the CP is lower in surface area by 25% and its geometry is compact. In both houses energy 
consumption reductions occur when using passive design strategies, but lower energy consumption per 
square meter is achieved in the proposed house. 
 
    It is convenient to generate different bioclimatic strategy options, so that we are able to anticipate 
outcomes for specific scenarios and know the potential benefits that will be achieved. The most efficient 
adaptation technique is one that results in lower energy consumption and reduced hours of discomfort. 
Energy efficiency and thermal comfort is achieved by selecting the appropriate technique or a 
combination of several compatible techniques; the greater the efficiency, the lower the annual expense. 
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